Depending on the contact line motion, colloid-rich drolets evaporation can leave a ring-like or a spot-like residue. Herein, we determine this outcome by controlling the contact line motion using coplanar direct current electrowetting-ondielectrics (DC-EWOD). Combined with theoretical calculations of the droplet shape and its evaporation rate, the timedependent actuation voltage is first derived from experiments and simulations. Thanks to the additional control over the contact angle, the contact line can be maintained in pinned state even on surfaces that exhibit little contact angle hysteresis such as homogenous flat Teflon coatings. In the absence of EWOD control, polystyrene particles and Escherichia coli suspended in the droplet formed a dot-like pattern at the center of the initial contact, whereas application of the mechanism resulted in ring-like patterns of a controllable radius. Unlike chemically or structurally patterned substrates, the contact line could recover its mobility at any preset time before reaching the control limit, which is useful to accurately and consistently fabricate self-assembled nanostructures of desired patterns on different surfaces.
Introduction
During the evaporation of droplets containing a colloidal suspension or other nonvolatile solutes such as bacteria, 1, 2 viruses 3 and proteins, 4 , 5 a ring-like deposit often forms along the liquid-substrate contact line. This phenomenon, known as the coffee ring effect, 6 has led to numerous applications, including inkjet printing, 7 DNA deposition, 8 protein microarrays, 9, 10 cell patterning, 11 and costefficient biological assays 12, 13, 14 This ring stain is due to the pinning of the interface 6 . Indeed, as the droplet evaporates, the mass loss at the droplet edge is compensated by a net radial flow from the droplet centre towards the edge. This flow may carry particles that accumulate at the edge as the droplet evaporates, thus forming the ring. When the pinning is supressed, the droplet leaves a spot-like residue. 1, [15] [16] [17] [18] Hence, in order to improve the reliability of the aforementioned applications, controlling the contact line pinning is of primary importance.
The simplest models of droplet evaporation either assume a constant contact radius (CCR) where the contact line is pinned and the contact angle changes, or a constant contact angle (CCA) where the contact line is mobile. 1, [15] [16] [17] [18] However, the evaporation of droplets on solid substrates tends to follow a stick-slip mode (CCR and CCA modes dominate alternatively) or a mixed mode (the contact angle and contact line change simultaneously). [19] [20] [21] [22] [23] During this quasi-equilibrium process, the pinning of the contact line is mainly attributed to the hysteresis effect. 24 When the deformation of droplets overcomes the hysteresis barrier, the contact line recovers its mobility and the accumulation of solutes at the boundary ends.
Various passive methods have been proposed to delay the transition from CCR to CCA, including self-pinning, 25 micropatterns, [26] [27] [28] [29] surface heterogeneities, 23, 27 additives, 30 non-spherical particles, 31 nanoparticles on the boundary, 32 and particulate-assisted droplet spreading. 33 Nevertheless, the application scenarios of these technologies are limited due to their strong dependence on droplet composition and surface modification. The irreversible nature of surface modification also complicates integration with other functional components. Indeed, current technologies do not allow pinning a droplet depending on an external sensor readout.
Moreover, the pinning duration is not adjustable in real-time. With an active pinning technology, the ring formation could be made less sensitive to the droplet composition if the droplet by releasing the contact line once a thick enough ring had formed. Furthermore, releasing the droplet early would also increase the system throughput by requiring less time for evaporation. Hence, active methods to control the coffee-ring formation are highly desirable.
Recently, electrostatic control of the droplet contact angle, namely electrowetting-on-dielectric (EWOD), has served for ondemand colloidal self-assembly and patterning. [34] [35] [36] The system does not require complex modification of the substrate, and can even be promoted to non-hydrophobic non-flat surfaces. [37] [38] [39] Notably, In this paper, the actuation voltage of a coplanar DC-EWOD device was continuously adjusted to pin the contact line of an evaporating droplet to a predetermined position. In consequence, the CCR duration of the evaporating droplet lasts 7 times longer. After the evaporation, ring patterns of a predetermined contact radius were formed on hydrophobic surfaces. This outcome contrasts sharply with the much smaller dot-like deposits of an uncontrollable radius formed without applied voltage. We then illustrate the biological applications of this system by concentrating microparticles and bacteria into a ring.
Setup of the coplanar DC-EWOD
The coplanar DC-EWOD system is sketched as Fig. 1a . Straight interdigitated electrodes (50 μm of finger width and spacing, with a 2 cm aperture) were patterned on a 130 nm-thick indium-tin-oxide coated glass (purchased from Wesley Technology Co., Ltd) by standard photolithography and wet etching. Cyanoethyl pullulan (purchased from Shin-Etsu Chemical Co., Ltd.) and Teflon ® AF2400
(purchased from DuPont) were successively spin-coated on the surface as a dielectric layer (thickness of 410nm) and a hydrophobic layer (thickness of 60 nm), respectively. Deionized water was deposited and drawn back at a constant rate (0.1 μL/s) via a steel tubing with direct current (DC) supplies conducted exclusively to the electrodes. Side view images of the droplet were captured to determine the contact angle using a commercially available goniometer (DSA30, KRÜSS, Germany).
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Results and Discussion
Performance of the coplanar DC-EWOD
For each electrical potential , though a specific equilibrium contact angle is predicted by the Lippmann-Young equation , According to this experimental characterization, the droplet equilibrium contact angle can be dynamically adjusted to remain was associated with a specific droplet volume.
The calculated contact angle is shown in Fig. 2b as a function of the droplet volume for a fixed contact radius 2.25 mm, which is denoted by . This contact radius is calculated for a 40 μL droplet with a 121.6 contact angle. Given the ability of coplanar DC-EWOD to control the contact angle in this work (as shown in Fig. 1b) , the relation for the contact radius versus the droplet volume 
Evaporation of sessile droplets on heated substrates
Eventually, to dynamically accommodate the volume reduction with a time-dependent actuation voltage, it is necessary to obtain the evaporation rate of droplets. According to the experimental results depicted in Fig. 4 , the droplet volume decreases linearly with the evaporation time in the CCR mode, in agreement with previous works. 19, 22, 43 The CCR mode ends when the contact angle of droplets decreases below 60 at the threshold volume of 11.3 μL.
With saturated vapour concentrations at the substrate temperature and the ambient temperature denoted as and , respectively, Popov 44 and Gelderblom et al. 45 described the evaporation rate of droplets from a theoretical perspective:
where is the droplet mass, is the evaporation time, is the relative humidity in the ambient air, D is the diffusion constant of water vapour in air and f reads:
Once the contact angle is known, the evaporation rate is derived and then integrated to get the mass loss of droplets versus the evaporation time. Given that the mass and the corresponding volume of a droplet could be easily converted via its density, we achieve the calibration of the actuation voltage versus evaporation time by substituting Eq. (3) in .
Time-dependent actuation voltage
Following the derivation above, the time-dependent actuation voltage is obtained by combining Eq. (1-4) . The numerical model was verified experimentally for various substrate temperatures as Table 1 : Theoretical estimations (solid lines) agree well with the experimental data. In general, the droplet evaporates faster for a higher temperature. This requires the actuation voltage to grow more rapidly to accommodate the volume loss. Moreover, the contact line could recover its mobility at any predetermined time before reaching the control limit simply by connecting the electrodes to the ground.
It makes the mechanism an on-demand method.
Optimization of dried spots for Escherichia Coli biosensors
Escherichia coli (E. coli) is key model bacteria and has been connected with diarrhoea, kidney failure, haemorrhagic colitis, haemolytic uremic syndrome. Among the variety of label-free biosensor sensors, surface acoustic wave devices stand out due to their sensitivity to surface perturbation and mass loading of the targeted specimen. However, as the targeted specimen is normally loaded by the dried spot of droplets on the device surface, irregularities of deposit patterns generate a significant impact on the final readout. 46 Herein, we demonstrate the capacities of our technology by controlled evaporation of sessile droplets and the accurate formation of a coffee-ring. 40 μL water droplets containing a suspension of polystyrene particles (600 nm diameter, 0.05% volume fraction) or E. coli (2000 bacteria per droplet) were evaporated on a 23º C substrate. Between each experiment, the surface was rinsed by deionized water to eliminate minute amounts of particle sediments that formed outside of the main deposit.
In a control experiment, droplets were naturally dried on a Teflon-coated substrate. As a consequence, typical dried deposits for a droplet-on-hydrophobic system formed as shown in Fig. 6a and Hence, the ring radius is relatively insensitive to the droplet content.
Compared to spot-like deposits, the large radius of the E. coli ring contributes to its adhesion to the substrate. The width of the E. coli ring is 118 μm 13 μm, which is uniform and controllable with our mechanism. Although here single droplets already contained enough particles to form a clear ring, this system could be integrated with other EWOD systems to bring additional droplets and produce a more abundant deposit and thus, decrease detection thresholds . programmed, the proposed system offers an effective way for on-demand patterning. Furthermore, it provides an optimal approach to accurately load the targeted specimen on the device surface, which can also be conveniently integrated with other digital microfluidic units for multifunctional platforms.
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